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Abstract

This article explores the impact mechanism of different types of environmental regulations

on corporate green technology innovation (GTI). The research focuses on analyzing three

types of environmental regulations: command based environmental regulation (ER1), mar-

ket-oriented environmental regulation (ER2), and voluntary environmental regulation (ER3),

and how they affect corporate GTI. This study selected enterprise GTI as the dependent

variable and measured it by the number of applications for green invention patents and

green utility model patents. The independent variables are the three types of environmental

regulations mentioned above. According to data from Chinese A-share listed companies.

Using benchmark regression models to analyze the impact of different environmental regu-

lations on GTI, and constructing a moderating effect model to study the role of corporate

R&D investment and government support in the process of environmental regulations

affecting GTI. The results indicate that (1) ER1, ER2, and ER3 can all promote enterprise

GTI, and the three environmental regulatory methods have a better synergistic effect. (2)

R&D investment has a positive correlation with the relationship between ER2 and GTI, and

a negative correlation with ER 3 and ER 1. (3) There are differences in the GTI performance

of enterprises in different regions, ownership nature, factor density, and industry types

under the influence of environmental regulations. (4) The impact of environmental regulatory

policies on corporate GTI is mainly short-term. This study provides a new perspective on

how environmental regulations affect corporate GTI, especially in the context of developing

countries like China. The research findings emphasize the role of different types of environ-

mental regulations in incentivizing corporate GTI, while also pointing out factors that govern-

ments need to consider when formulating environmental policies, such as regional

differences and corporate characteristics, which are of great significance for promoting

green development of enterprises and achieving broader sustainable development goals.
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1 Introduction

In recent years, environmental pollution has given rise to a plethora of issues, disrupting the

balance of ecosystems and yielding a host of consequences. For example, water pollution has

led to a significant mortality rate among aquatic organisms, profoundly impacting the normal

functioning of aquatic ecosystems. Furthermore, environmental pollution has inflicted both

direct and indirect harm on human health. To illustrate, the harmful substances in air pollu-

tion can infiltrate the human respiratory system, giving rise to respiratory diseases and con-

tributing to the proliferation of chronic illnesses.Moreover, environmental pollution has had a

noticeable impact on social stability. For instance, water resource pollution and its scarcity

have given rise to dissatisfaction and conflict within society. Additionally, this pollution has

engendered adverse effects on economic development, including escalated costs associated

with environmental management, reduced efficiency in resource utilization, and diminished

competitiveness among businesses. This sequence of issues underscores the multifaceted

impact of environmental pollution on ecology, health, society, and the economy.

The impact of environmental pollution on the economy is a complex issue involving eco-

nomic growth, industrial structure, population structure, foreign trade and other aspects.

Muhammad Azam [1] used the data of 11 Asian countries from 1990 to 2011 to make an

empirical analysis of carbon emissions and economic growth. The results indicated that the

deterioration of the environment had a negative impact on economic growth. Therefore, envi-

ronmental protection policies that reduce carbon emissions should be adopted to control envi-

ronmental degradation and achieve sustainable economic development. Wei et al [2] found

that by transferring backward heavy polluting industries from developed regions to underde-

veloped regions to promote the optimization and upgrading of industrial structure, pollution

will also be transferred to underdeveloped regions.Population aging and fertility rate increase

will lead to environmental degradation.Menz et al [3] studied the relationship between popula-

tion transition and carbon dioxide emissions in OECD countries. Using panel data for 26

countries from 1990 to 2005, the authors found that increasing population age and fertility

would lead to an increase in carbon emissions through a regression of the relationship between

population age, birth rate and carbon dioxide emissions. Stahls et al [4] estimated the impact

of international trade on forest vegetation biomass and carbon storage in Finland, and the

analysis showed that export trade would lead to environmental degradation.

The influence mechanism of environmental pollution and green technology innovation is

the research basis of other issues, which have been studied by many people. Environmental

pollution has a serious negative impact on human society and ecosystems, and green technol-

ogy innovation is considered to be one of the key paths to reduce environmental pollution and

achieve sustainable development.

There are various views on the relationship between environmental regulation and green

innovation technology. According to a school of thought, environmental regulation promotes

green technology innovation. Porter [5] argued that appropriately designed environmental

regulations can direct firms towards innovation and incentivize them to attain innovation that

outweighs compliance costs, thereby enhancing their market competitiveness. When environ-

mental regulation remains stable and highly predictive, it can effectively promote technological

innovation and enhance the overall technical indicators (GTI) of enterprises [6]; another point

of view is that environmental regulation will increase the production cost of enterprises,

squeeze the innovation funds of enterprises to a certainextent, and thus inhibit the green tech-

nology innovation behavior of enterprises [7]. The two views take different premises and reach

vastly different conclusions, albeit with varying degrees of empirical support. One of the main

reasons for this phenomenon is that existing empirical research is commonly hindered by the

PLOS ONE Environmental regulation effect

PLOS ONE | https://doi.org/10.1371/journal.pone.0296008 January 5, 2024 2 / 32

https://doi.org/10.1371/journal.pone.0296008


endogeneity of environmental regulation and pollution control, the difficulty in accurately

measuring green technology innovation, and the non-linear effects of environmental regula-

tion [8]. Due to these limitations, it is impossible to accurately assess the impact of environ-

mental restrictions on green technology innovation.

There are different research curves for environmental regulation and green technology

innovation. Environmental regulation research curves are generally long and relatively stable.

Environmental regulation is mainly reflected in the direct effect on environmental pollution

through environmental regulation legislative procedures, legal policies and investment in pol-

lution control [9].They are usually formulated and implemented by the governments to protect

the environment by limiting pollution emissions and managing the use of natural resources.

The research focus of environmental regulation is mainly on the nature and influence of the

environmental problems to be solved. However, with the increasingly prominent environmen-

tal problems, the research focus has gradually shifted to the implementation process, the evalu-

ation of the effectiveness of existing regulations and so on. In contrast, the research curve of

green innovation technology is more complex and diversified. Green technology innovation is

the development and improvement of production technologies to improve resource utilization

and reduce environmental pollution, such as developing new energy technologies and improv-

ing resource utilization to reduce pollution. In the early stage, the research of green innovation

technology mainly focused on the development of new technology and found a feasible solu-

tion;at a later period, it mainly focused on improving production technology to improve the

level of environmental protection. Although the research curves of the two are different, they

complement and interact with each other to jointly promote sustainability.

Environmental problems have perennially presented a puzzle, remaining unresolved.This

article mainly answers the following research questions: What are the differences between vari-

ous environmental regulatory strategies in encouraging green innovation in enterprises? How

do different environmental rules affect green technology innovation in different regions and

industries? What are the regulatory effects of internal R&D investment and external govern-

ment support, and how do they affect green innovation in enterprises? What is the time effect

of environmental regulations on green innovation in enterprises?Compared with previous

research directions, the main contributions of this study are as follows: (1)This paper examines

the impact of three environmental regulations on corporate GTI. (2)Using the benchmark

regression model and the moderating effect model, the impact of environmental regulation on

corporate GTI is discussed. (3)Fully consider the huge differences in ownership, factor quality

and other aspects of Chinese enterprises. Based on the study of the relationship between envi-

ronmental regulation and corporate GTI, this paper provides a theoretical basis fora more rig-

orous implementation of environmental regulation policies in China, with extensive

heterogeneity analysis.(4)This paper distinguishes high-quality innovation from low-quality

innovation in the selection of GTI proxy variables, and selects matching variables accordingly,

thus reflecting the impact of environmental constraints on corporate GTI in more detail. This

strategy is more realistic when considering the autonomy of enterprises ’ creative R&D prac-

tice. (5)This paper examines the regulatory impact of R&D investment and government sup-

port from both internal and external aspects. In contrast to previous studies, which only

examined the relationship between the two from a single perspective, this paper broadens the

logical framework. In addition, this paper also examines the impact of environmental legisla-

tion on delay.

The following section of this article is arranged as follows: The second section delves into

the research literature related to environmental regulation and green technology innovation

(GTI) in the business field; section 3 is devoted to theoretical analysis, which improves the

framework of the paper and provides theoretical underpinnings for empirical studies; sections
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4–6 are the empirical analysis portion of this paper, introducing empirical methods, samples,

regression results, and so on. The seventh part is the conclusion of this chapter, and the eighth

part is the policy recommendations and future research directions based on the conclusions.

2 Literature review

This study focuses on the role of environmental regulations in corporate green technology

innovation, with the most relevant reference materials covering research perspectives on envi-

ronmental regulations and the relationship between environmental regulations and green

technology innovation. The following is an overview of existing literature based on these two

aspects.

2.1 Research on environmental regulation itself

The idea that environmental pollution has strong negative externalities is considered to be a

consensus view among academics and policymakers, and as a result, environmental regulation

policies have become a hot spot for research.Generally speaking, environmental regulation

involves government intervention in the production and operations of companies through

administrative measures to achieve the goal of harmonizing environmental protection and sus-

tainable growth.The meaning of environmental regulation is constantly evolving and changing

over time. In addition to the rules and regulations implemented by the government through

administrative means, it also includes market-based incentive supervision, as well as guidance

and regulation of public behavior. This indicates that environmental regulation is not limited

to traditional regulatory enforcement, but also includes influencing and guiding individual

and organizational environmental behavior through economic incentives and social ideology

[10]. Environmental regulation can be divided into three main categories based on its imple-

mentation methods: command based, market based, and voluntary. Command based regula-

tion, also known as ER1, relies on mandatory policies implemented by administrative

departments. Market based regulation, or ER2, is a method based on market mechanisms and

economic incentives. Voluntary regulation, referred to as ER3, relies on public participation

and supervision for implementation. This classification reflects the diversity of environmental

regulatory strategies aimed at achieving environmental goals through different approaches

and methods [11]. Environmental regulations can be classified in various ways, with one com-

mon classification being formal regulations and informal regulations. Formal regulations are

those based on specific laws or regulations, while informal legal rules are based on non statu-

tory standards or agreements. This classification method highlights the different sources and

enforcement methods of environmental regulations, showcasing diverse approaches to envi-

ronmental protection [12]. Regardless of the type, environmental control measures fundamen-

tally guide enterprises to adjust their production and technological decisions, internalizing

their external costs [13]. However, the current definition of environmental regulation is incon-

sistent, and there is still significant controversy over the methods and intensity of regulation,

which has led to different empirical literature substituting regulatory measures. The table

below mainly shows the variables of environmental control substitutes selected from existing

studies.

In this study, the reason for choosing the proxy variables were as follows:

1. For ER1, according to the literature, the number of regulations and thenumber of adminis-

trative penalty cases are used as contingency agents for environmental regulation [14].

These proxy variables can reflect the government ’s regulation of environmental behavior

and reveal the intensity and effect of environmental regulation.
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2. For ER2, according to the literature, indicators such as pollution discharge fees, industrial

pollution control investment, and the number of environmental acceptance projects are

used as contingency agents for environmental regulation [15]. These proxy variables can

reflect the economic incentives and normative pressures on environmental behavior of

companies, and facilitate the implementation of more environmentally friendly measures

by companies.

3. For ER3, according to the literature, the received environmental information, the number

of visits and the real number of people involved in environmental protection are used as

contingency agents for environmental supervision [16]. These proxy variables can reflect

the degree of public concern andparticipation in environmental issues, and have an impact

on the implementation of environmental regulatory policies.

4. For Formal ER, according to the literature, indicators such as pollutant emission removal

rates, pollution control investment rates, and pollution are used as contingency agents for

environmental regulation [17]. These proxy variables can effectively drive the adjustment

of industrial structure.

5. For informal formal ER, according to the literature, contingency agents for environmental

regulation are used with indicators such as environmental awareness, per capita income,

and education level [18]. These proxy variables can enhance people’s attention and willing-

ness to act on environmental issues, thus facilitating the effective implementation of envi-

ronmental regulation.

Given the diversity of environmental regulation policymaking in China.In this article, the

stimulus effect of government environmental laws on enterprise GTI is emphasized by us. In

the empirical analysis section of this article, three policies will be combined with a separate pol-

icy to compare their impact on green environmental protection with ER1, ER2, and ER3.

2.2 Research on the relationship between environmental regulation and

green technology innovation

Porter followed the logical framework of "endogenous growth" and for the first time combined

technological innovation and environmental regulation into a unified theoretical framework,

and based on this, proposed the Porter hypothesis. On this basis, many studies have been con-

ducted on this hypothesis. Among these methods, the most direct approach to testing Porter’s

hypothesis is by promoting green technological innovation through environmental regula-

tions. However, the research findings regarding this approach have generated controversy. On

the one hand, When studying the relationship between environmental regulation, innovation,

and competitiveness, the perspective of maximizing profits should always be regarded as the

main driving force for corporate strategic decision-making. This viewpoint holds a central

position in any business decision-making consideration. Therefore, it is often unrealistic to

believe that compliance costs or underestimating profit maximization factors can be ignored

when companies decide whether to comply with specific regulatory stimulus measures or take

proactive measures in the environment [19]. It was found that environmental regulations

based on taxes and fees significantly hinder technological innovation by enterprises. Environ-

mental regulations lead to an increase in production costs for enterprises, limiting their ability

to engage in technological innovation [20]. In contrast, some studies suggest that environmen-

tal regulation does indeed have the compensation effect for innovation proposed by Porter.

Environmental regulations have a significant positive impact on green technology innovation

in enterprises. Environmental regulations lead to increased taxes fees, forcing large and

PLOS ONE Environmental regulation effect

PLOS ONE | https://doi.org/10.1371/journal.pone.0296008 January 5, 2024 5 / 32

https://doi.org/10.1371/journal.pone.0296008


medium-sized enterprises to engage in green technology innovation to reduce energy loss

[21]. The starting point of this study is not to deny the existence of compliance costs, but to

emphasize that innovation compensation exceeds compliance costs.Wang [22] examines the

impact of environmental regulation (pollution fees) on green technology innovation from the

perspective of compliance costs. Intended to demonstrate that innovation compensation

exceeds compliance costs. The above two perspectives both explore the spillover effects of

green technology from a linear relationship perspective, but do not consider the impact of

environmental regulation levels on the spillover effects of green technology. From the above

two aspects, the effect of environmental constraints on green technology innovation is linear,

which means that in green technology innovation, the effect of environmental constraints on

green technology innovation is marginal and fixed. Although this assumption is theoretically

valid, it overlooks the possibility of the marginal effect limit of environmental laws on green

technology progress, thus proposing research on the appropriate intensity of green technology

progress. Based on the background of heterogeneous industries, Shen [23] identified the opti-

mal degree of industrial regulation in China through non-linear analysis of environmental reg-

ulation and efficiency.Li Ling and Tao Feng [24] found that in China’s medium and low

pollution industries, the impact of environmental regulation on green TFP and the impact of

technological innovation on technological efficiency exhibit a U-shaped curve, and their speed

of breaking through the U-shaped inflection point is faster than that of productivity and tech-

nological innovation. Bing et al [25] pointed out that different levels of environmental regula-

tions have different effects on corporate green innovation.Tang et al [26] believe that

compared to the other two types of environmental regulations, ER1, as the initial stage of

green industry development, plays a much greater role in promoting innovation in the green

industry. ER2 and ER3 experience stable growth during the high-income period of the econ-

omy,while ER1 serves as the foundation. Environmental restrictions have an inverted U-

shaped impact mechanism on GTI [27] or a U-shaped impact mechanism [28], according to

other research findings.

In conclusion, the existing literature has examined the relationship between environmental

regulation and Green Technological Innovation (GTI) from a multitude of perspectives. While

this exploration has yielded valuable insights, the findings remain a subject of contention. In

this research, it is claimed that the following are the primary causes of the dispute in existing

studies: 1.The game between the "follow cost" effect and the "innovation compensation" effect

determines the inhibitory or promoting effect of environmental constraints on green technol-

ogy innovation in enterprises. This is related to the way and intensity of environmental regula-

tion. Different countries are at different economic stages in the country study, which may lead

to variance in the empirical study outcomes. In terms of empirical variable selection, there is

variability in the selection of environmental rules and GTIs as proxies, resulting in inconsis-

tencies in the results, which is essentially an under-robustness of empirical findings. The main

reasons for this are the endogeneity of environmental and pollution control, the difficulty in

accurately evaluating green technology innovation, and the nonlinear effects of environmental

regulation. Additionally, existing literature has primarily conducted empirical analyses at the

regional or industry level, with a focus on industrial, manufacturing, and heavily polluting

industries. However, there is limited research addressing the industry as a whole from a mac-

roeconomic perspective, which may result in a degree of generality in the findings. Secondly,

existing studies have mostly explored the mechanism of heterogeneous environmental stan-

dards on green innovation from the perspectives of both internal and external enterprises. yet

it has overlooked the intricate interactions between government and businesses.This technique

may not accurately portray the true situation, particularly when considering government

incentives in many nations to encourage the development of green technology by businesses.
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Thus, this paper delves into the impact of diverse environmental regulations on firm Green

Technological Innovation (GTI) and dissects its mechanisms from both internal and external

coupling perspectives, with China’s listed A-share companies as the subject of study.

3 Theoretical analysis

This project takes the spillover effect of green technology as the starting point, and explores

the mechanism of environmental regulations on the spillover effect of green technology from

the perspective of internal and external coupling. Internal and external coupling refers to the

process in which internal and external factors work together on technological innovation. On

this basis, A theoretical analysis of the effects and mechanisms of ER1, ER2, and ER3 on corpo-

rate green innovation behavior was established.

On this basis, a theoretical analysis framework is constructed from two levels: the mecha-

nism of environmental regulation on green innovation behavior, and the mechanism of enter-

prise investment and government subsidies in green innovation. Command oriented ER

constrains corporate environmental behavior through mandatory actions of laws and regula-

tions; Market oriented ER adopts environmental tax and emissions trading plans to guide

enterprises in reducing pollutant emissions; Voluntary ER relies on third-party supervision

and public supervision to encourage enterprises to fulfil their environmental responsibilities.

Enterprises have implemented production technology reforms in line with the requirements of

these environmental regulations to reduce energy consumption and improve productivity. At

the same time, with the R&D investment from internal enterprises and the support from exter-

nal governments, enterprises have introduced environmental protection technologies to pro-

mote green transformation and sustainable development of enterprises.

3.1 Environmental regulation and enterprise GTI

The "innovation compensation" effect and the "follow cost" effect are important mechanisms

of environmental regulation on green innovation behavior, and they are the mechanisms of

environmental regulation on green innovation behavior. However, at the micro level, different

environmental control methods have different impacts on corporate green innovation behav-

ior through different operating mechanisms. In this section, the theoretical impact of ER1,

ER2, and ER3 on firm GTI is examined.

3.1.1 The influence of command-based environmental regulation (ER1) on enterprise

GTI. In order to achieve success, command based environmental regulation (ER1) is an envi-

ronmental regulation method that is enforced by the government through mandatory means,

relying on laws and regulations formulated by various levels of government. In China, ER1 is

usually divided into national and provincial policies and regulations. At the national level, the

National People’s Congress has reviewed and formulated China’s environmental protection

legislation and regulations, which have global and fundamental guiding principles. The new

Environmental Protection Law formulated and implemented by China in 2015 is a typical

example of environmental regulations.These regulations demonstrate the Chinese govern-

ment’s stricter punishment measures for corporate illegal behavior, increasing the costs

incurred by companies due to pollution. Encourage enterprises to increase investment in

research and development, accelerate technological innovation, and compensate for the

increase in environmental costs [29]. ER1 refers to provincial-level environmental policies and

regulations formulated by each province based on national environmental laws and regula-

tions as well as local conditions. Under this environmental regulatory framework, provincial

governments formulate specific environmental policies and regulations applicable to the prov-

ince based on national regulations and local conditions.Due to the differences in economic
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development and industrial structure between provinces, this model may better reflect the ac

Due to the differences in economic development and industrial structure between provinces,

this model may better reflect the actual situation of the province, and it is fundamentally con-

sistent with national laws and regulations. tual situation of the province, and it is fundamen-

tally consistent with national laws and regulations.The biggest disadvantage of ER1 is its lack

of flexibility and high execution costs. ER1 has mandatory and efficient characteristics, which

can achieve short-term optimization of industrial structure.For enterprises with lower levels of

economic development, ER1 will inhibit the development of green technology innovation. For

enterprises with average economic development level, the impact of ER1 on green technology

innovation and industrial structure is relatively weak. Only when the economic development

level of enterprises tends to be higher, will ER1 significantly promote green technology innova-

tion and industrial structure upgrading [30].

3.1.2 The influence of market-based environmental regulation (ER2) on enterprise

GTI. Market-based environmental regulation (ER2) is another type of government-imple-

mented environmental regulation. In contrast to the mandatory law of ER1, ER2 focuses on

the government guiding the polluting behavior of firms through market-based means, and its

key features are non-compulsory and traceable. The environmental tax and emissions trading

plan is a common ER2 case. China launched an environmental tax system in 2018.As a statu-

tory tax, environmental protection tax demonstrates its independence and reasonable tax sys-

tem. Compared to mandatory environmental regulation, environmental protection taxes are

more precise and give local governments more autonomy in setting tax rates. This allows tax

rates to be flexibly adjusted based on the overall operating conditions of the enterprise, avoid-

ing low tax standards that result in the cost of pollutant emissions being much lower than the

cost of innovation inputs, thereby failing to incentivize innovation. On the contrary, high tax

standards may cause companies to move away from the local area under heavy economic bur-

dens, resulting in a loss of tax base and negative impacts on local taxation and economic devel-

opment. The implementation of environmental taxes helps stimulate the innovation drive of

enterprises and significantly promotes the input and output of technological innovation. This

comprehensive tax system helps to balance the relationship between environmental protection

and economic development, and enhances the environmental protection and innovation

awareness of enterprises [31]. Emissions trading is another common form of ER2. Laffont and

Tirole [32] revealed that emission permit can stimulate companies to invest excessively in eco-

friendly innovation, aiming to bypass the monetary burden of reducing social welfare. In the

long run, it is crucial in guiding enterprises to invest in GTI. Generally speaking, in situations

where environmental protection intensity is not high, companies will prioritize the develop-

ment of environmental protection technology. In other words, in order to comply with envi-

ronmental regulations, they will purchase pollution discharge permits or pay taxes. When the

intensity of environmental pollution increases, companies will invest more in green technol-

ogy innovation to obtain long-term benefits.

3.1.3 The influence of voluntary environmental regulation (ER3) on enterprise GTI.

In terms of environmental regulation, voluntary environmental regulation (ER3) is the highest

level of public environmental awareness. Compared to ER1 and ER2, voluntary environmental

regulations focus on setting goals, strategies, and development guidelines to improve corporate

environmental performance, rather than regulating specific methods for achieving these goals,

which gives companies maximum flexibility [33]. There are currently two types of environ-

mental self-discipline mechanisms in China, one is a third-party environmental certification

system, and the other is a social supervision system. Empirical evidence suggests that adopting

third-party environmental supervision can improve a company’s environmental performance,

including reducing pollutant emissions [34]. These works have established a good reputation
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for the enterprise. This will help promote the development of green technology innovation.

The emergence of the Internet has heightened public scrutiny, leading to the real-time record-

ing and disclosure of firms’ pollution conditions.Enterprises may face pressure from consum-

ers, investors, the public/community, employees, and contractors/suppliers to take measures

to improve environmental management [35]. As a result, enterprises are compelled to respond

to both administrative and public pressure. In terms of environmental regulation, voluntary

environmental regulation (ER3) marks the peak of public environmental awareness. Com-

pared to ER1 and ER2, the implementation of this policy is relatively small, and its level of

implementation mainly depends on the public and economic entities’ understanding of envi-

ronmental protection. From a long-term perspective, green industry funds are the best choice

for enterprises. Overall, ER3 tools can better stimulate the environmental enthusiasm of the

public and enterprises, effectively reducing government enforcement and regulatory costs, and

stimulating enterprises to actively participate in green technology innovation [36].

3.1.4 Case study on the impact of environmental regulations on enterprise GTI. 3.1.4.1
Case Study on the Impact of ER1 on Enterprise GTI. In the case of a paper-making business, it

was under great pressure more than a decade ago, owing to the excessive discharge of sewage

and the lack of sewage treatment capacity. Under the strict ER1, the enterprise began to control

pollution in 1993.Following 56 years of environmental management, in 1999, the largest oxida-

tion pond for papermaking pollution control in China was constructed. After treatment, the

chemical oxygen demand (COD) of the sewage decreased to 350mg / L, which was one year

ahead of the national requirement that the sewage must reach the standard discharge (COD

content 350mg / L) by the end of 2000.However, due to excessive environmental protection,

costs have increased and the business has remained in a low-profit state, with no significant

improvement in economic benefits. ER1 may not have an obvious effect on motivating firms

to develop GTI [37].

3.1.4.2 Case Study on the Impact of ER2 on Enterprise GTI. Taking Baoshan Iron and Steel

Co., Ltd. as an example, the company is located in the high pollution and high energy con-

sumption steel industry, and has always been highly valued by the national environmental pro-

tection department. Therefore, the driving effect of environmental regulations on its green

technology innovation is very obvious. Command controlled environmental regulations

impose institutional constraints on enterprises by stipulating mandatory environmental stan-

dards, imposing penalties for environmental pollution, and even ordering production stop-

pages. In order to ensure normal production and operation, Baosteel has had to transform its

production process and carry out green technology innovation. The market incentive type

mainly focuses on guiding and encouraging, compensating enterprises for green technology

innovation behavior through tax incentives and environmental subsidies, and incentivizing

enterprises to carry out green technology innovation. In order to solve the problem of environ-

mental pollution and balance the relationship between enterprise production and operation

and national environmental regulations, Baosteel has significantly increased its investment in

environmental protection. Since 2012, it has been a comprehensive improvement stage of Chi-

na’s environmental regulation policy system. With the introduction of a large number of envi-

ronmental regulatory policies, Baosteel’s investment in environmental protection has

fluctuated from 3.977 billion yuan in 2016 to 12.16 billion yuan, an increase of 2.06 times [38].

3.1.4.3 Case Study on the Impact of ER3 on Enterprise GTI. Taking Huatai Company as an

example, since 2007, Huatai has unswervingly carried out a series of work in accordance with

the requirements of the environmental management system, taking the environmental policy

as the basic criterion, starting from the environmental elements, taking the environmental

objectives, indicators and programs as the focus of work, and achieved remarkable environ-

mental performance. Huatai has added facilities to recover biogas, which is produced by
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anaerobic digestion and used for thermal power generation. In 2007, a total of 16% of biogas

was produced, equivalent to 17,000 tons of standard coal, creating an efficiency of 6.78 million

yuan.By improving processes, retrofitting equipment and other measures, enhancing energy

conservation and emission reduction assessments, and controlling energy consumption, the

company achieved annual power savings of 100 million kWh and steam savings of 220,000 m2

in 2007. The implementation of voluntary environmental regulation policies is precisely

responsible for enterprises achieving multiple outcomes. This includes not only the reduction

of pollutant emissions and an increase in income but also the objective promotion of techno-

logical advancement and innovation within these enterprises [39].

3.2 The moderating role of enterprise R&D investment and government

support

In the preceding article, various kinds of environmental regulations that may force or guide

enterprises to engage in GTI activities to some extent were examined.But the specific micro-

scopic mechanism is still unclear. On this basis, from the perspectives of enterprise R&D

investment and government support, this paper explores the micro mechanism of environ-

mental legislation on green technology innovation.This technique was chosen because financ-

ing is the most important issue for organizations pursuing GTI as a research and development

activity.

The technological innovation at the enterprise level is mainly influenced by R&D manage-

ment drivers. Research has shown that R&D investment is an effective way to improve the

environmental technology innovation capability of enterprises [40]. In the context of govern-

ment enforcement of environmental regulations, enterprises have two options: increasing

overall R&D investment and adjusting the structure of R&D investment.First, environmental

rules encourage companies to increase R&D spending in order to take sustainability into

account, and this upswing in total R&D spending consistently correlates with a rise in green

R&D investments. Secondly, when facing environmental regulations, even if R&D investment

remains unchanged, companies will adjust their own investment to encourage them to

increase investment in green technology innovation; Meanwhile, increasing investment in

green research and development can also enhance the awareness of enterprise researchers

towards green technological innovation [41]. In addition, by increasing research and develop-

ment investment, enterprises can implement green and low-carbon development strategies,

improve pollution control levels, and minimize the source of pollution. This not only reflects

the company’s high social responsibility, but also enhances its brand image. This can also help

alleviate economic development and environmental issues.

Having established environmental legislation, government subsidies, tax incentives and

other measures may have a more unique benefit in reducing the problem of companies under-

investing in green R&D. Corporate GTI is known for its high investment and high risk, and

risk averse enterprises may not be interested or participate in GTI at all. From this perspective,

short-term environmental constraints will only encourage companies to use carbon emissions

trading to reduce production scale, rather than carbon emissions reduction. Currently, gov-

ernment assistance can to some extent bridge the gap between social welfare and personal

well-being, reduce market failures in the green industry, and enhance the enthusiasm of enter-

prises for the development of the green industry [42]. On the other hand, obtaining govern-

ment funding is a message conveyed by external investors that these enterprises typically

possess strong innovation capabilities and development potential.These businesses hold a gov-

ernment-recognized status, which makes it easier for them to earn the trust of external inves-

tors. As a result, they can broaden their sources of funding, reduce funding expenses, enhance
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their negotiation leverage, bolster the risk-reduction capacity within the green innovation sup-

ply chain, and ultimately improve their Green Technological Innovation (GTI) capabilities.

4 Research design

4.1 Variable selection

4.1.1 Dependent variable. GTI Enterprise. In this study, the green utility model and

invention patents were chosen as stand-ins for the GTI of businesses.This is the so-called

"green invention", which has strong innovation and difficult to achieve characteristics, and can

stimulate more research and development investment.Comparing the regression results for

these two variables reveals both the propensity of businesses subject to environmental restric-

tions to be innovative and the effect of environmental rules on the GTI of a business.In order

to ensure that innovations that have been applied in practice but have not yet received patent

approval are not overlooked.Meanwhile, two indicators, the number of green invention patent

applications and the number of green utility models, are selected to characterize the stability of

the system. Following the method suggested by Fang and Shao [43], In this work, the compre-

hensive index approach is used to calculate the three different environmental rules mentioned

above for each indicator.The precise calculation procedure is as follows. The corresponding

data could be seen the the Supporting Information.

4.1.2 Independent variables. On this basis Three factors, namely ER1, ER2, and ER3,

were selected to characterize the intensity of environmental regulation. (1) ER1: This study

used the number of environmental protection legislation in each province and city, including

the number of administrative penalty cases accepted, the number of environmental supervi-

sors, and the amount of funding for environmental protection facility construction [44]. (2)

ER2: This is measured from four aspects: pollution tax (environmental tax), the proportion of

environmental expenditure in local fiscal expenditure, the proportion of environmental infra-

structure investment in regional GDP, and the proportion of pollution control investment in

regional GDP [45,46] (3) ER3: This article selects variable factors for quantitative evaluation of

ER3, such as credibility, frequency of environmental inspections, proposals from the Two Ses-

sions, automatic monitoring of key pollution sources, and nature reserves. Table 1 showed the

specific description of independent variables.

Standardize the individual indicators:

UEsij ¼
UEij � MinðUEjÞ

MaxðUEjÞ � MinðUEjÞ
ð1Þ

Table 1. Specific description of independent variables.

Variable Variable

Symbol

Variable action Variable basis

Command based

environmental

regulations

ER1 Impact corporate GTI through government

regulations

National laws and regulations related to environmental protection;

Administrative regulations and rules formulated by administrative

departments in accordance with national laws and regulations; Refer to

relevant environmental standards to control environmental quality.

Market oriented

environmental

regulations

ER2 Impact on corporate GTI through increased

environmental taxes and emissions trading

Using emission permits, emissions trading, etc. as economic tools; Set

prices or taxes for pollutant emissions and encourage enterprises to adopt

environmentally friendly behaviors; Establish a reward mechanism to

encourage enterprises to exceed environmental goals and improve

environmental performance.

Voluntary environmental

regulations

ER3 Impact GTI of enterprises through third-party

environmental certification and public

supervision

Voluntary environmental management system based on voluntary

participation of enterprises; Environmental standards voluntarily adopted

by enterprises; Enterprises voluntarily disclose environmental data and

report environmental performance.

https://doi.org/10.1371/journal.pone.0296008.t001
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Where, UEsij represents the standardized value of index j,UEij represents the initial value of

index j in province i,Min(UEj) andMax(UEj) respectively represents the minimum and maxi-

mum value of index j in all province, i represent each province, i = 1,2, . . .,30; j represents the

indicators of each environmental regulation.

In order to eliminate the differences between similar indicators in various regions, the

adjustment coefficient is calculated as follows:

Wj ¼
UEij
UEj

ð2Þ

Among them,Wj represents the adjustment coefficient of the j index, and UEj represents

the average value of the j index in the sample.

Calculate the comprehensive index of ER1, ER2 and ER3 according to the following formu-

las:

ERit ¼
1

n

Xj

i¼1

ðWj � UE
s
ijÞ ð3Þ

ERit represents the comprehensive index of environmental regulation in province i in

period t.

4.1.3 Moderator variables. This article uses R&D investment and government support as

mediating variables. Financial investment is the most crucial aspect in the process of research

and innovation. On this basis, this project found through empirical research that there is a sig-

nificant correlation between the company’s internal financing capacity and external financing

capacity in terms of environmental regulation and green innovation performance. Under the

framework of green innovation capability, internal financing capability of enterprises is an

important component of their R&D activities. External financial capability refers to the ability

of enterprises to receive support from the government for green innovation. This study selects

these two factors as mediating variables to examine their impact on environmental regulation

and corporate green innovation behavior. This article quantitatively analyzes the government’s

support for research and development investment, enterprise investment, and other aspects

based on the financial subsidies received by enterprises.

4.1.4 Control variables. In this paper, The following control factors, which are expected

to affect firm GTI at both firm and region levels, are selected. Company size, capital intensity,

returns, board governance, and company maturity are all selected. The size of each province is

determined by factors such as the level of openness, marketization, regional economic devel-

opment, and innovation environment. Therefore, this project intends to select these two vari-

ables as mediating variables to examine their impact on the green innovation behavior of

enterprises. This article uses the company’s R&D investment as an indicator to evaluate R&D

investment, and the government’s evaluation of R&D investment is measured by the govern-

ment subsidies received by enterprises.

4.2 Data sources

The research samples of this paper are taken from the data of China ’s A-share listed compa-

nies On the basis of collecting the original data, the original data is processed: (1) Remove ST

(listed companies with two consecutive years of losses) and * ST (listed companies with three

consecutive years of losses) enterprises. (2) Due to the lack of data, remove the samples of

Hong Kong, Macao, Taiwan and Tibet. (3) Delete company samples with severely missing

data, which cannot be obtained and affects the operation of the software. (4) If the company
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lacks a small amount of data,After being supplemented through public databases, there is no

significant difference. survey questionnaire data, or speculation based on other variables. (5)

Adding 1 to the green patent data, and taking the log. As a result, the total sample size

was3930observations.From an econometric point of view, the sample size chosen for this

paper has been able to be compelling in a certain statistical sense.

In order to ensure the adequacy of the collected data, our data comes from: (1) Matching

the company name with the China Research Data Service Platform (CNRDS) to obtain green

patent data. (2) The company ’s name is linked to the accounting research database(CSMAR)

and CNINFO website (www.CNINFO.com.cn) to obtain relevant financial data. (3) ’ China

Statistical Yearbook ’, ’ China Environment Statistical Yearbook ’, ’ China Science and Tech-

nology Statistical Yearbook ’, ’ China Industry Statistical Yearbook ’ and ’ China Energy Statis-

tical Yearbook ’.

4.3 Model construction

(1) Benchmark regression model

The benchmark regression in this paper is to use enterprise GTI to regression ER1, ER2 and

ER3 respectively. The detailed model is shown in formula (4).

GTIit ¼ a0 þ a1ERit þ a2Conit þ mi þ εit ð4Þ

Among them: GTIit represents the green technological innovation level of the i company in

the t period, which is divided into green invention patents (GTI1) and green utility model pat-

ents (GTI2); ERit represents the environmental regulations of the province where the i com-

pany is located during the t period, As mentioned above, this variable actually contains three

indicators, ER1, ER2 and ER3. For the purpose of simplification, the three variables are

marked with the same variable symbol in formula (4); Conit represents a set of control vari-

ables, μi represents an individual fixed effect, and εit represents a random interference item.

(2) Moderating effect model

In order to test the moderating effect of R&D investment and government support on the

relationship between environmental regulation and corporate GTI, this paper constructs two

moderating effect models for regression. The concrete model is shown as Eq (5) and Eq (6).

GTIit ¼ b0 þ b1ERit þ b2RDit þ b3ERit � RDit þ b4Conit þ mi þ εit ð5Þ

GTIit ¼ y0 þ y1ERit þ y2Subit þ y3ERit � Subit þ y4Conit þ mi þ εit ð6Þ

Among them: RDit represents the level of R&D investment of enterprise i in period t; Subit
represents the government support received by enterprise i in period t; other variables are

explained as above.

5 Empirical results and analysis

5.1 Descriptive statistical analysis

Table 2 shows the descriptive statistics of the variables. These variables include GTI1, GTI2,

ER1, ER2, ER3, RD, Sub, InSize, Den, Pro, BG, Age, FDI, ML, GDP, and Atm. For the baseline

regression of this article, each variable had 3930 observations. From an average perspective,

the average value of GTI1 was 1.5223, GTI2 was 1.2015, ER1 was 0.6415, ER2 was 0.8263, ER3

was 0.7415, RD was 3.8456, Sub was 1.3263, InSize was 8.1253, Den was 2.6123, Pro was
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0.6552, BG was 0.2012, Age was 10.362, FDI was 0.0326, ML was 0.3115, the average GDP was

0.0003, and the average Atm was 0.5163. For these variables, the standard deviation ranged

from 0.003 to 12.3625. The minimum and maximum values provided the range of values for

each variable. For example, the minimum value of GTI1 was 0.0002 and the maximum value

was 8.3623. The minimum value of ER1 was 0.0003 and the maximum value was 3.7485. The

minimum value of RD was 0.0003 and the maximum value was 224.1256. In general, the

explained variables and the environmental regulation intensity variables (ER1, ER2, ER3) had

relatively wide ranges, reflecting differences in environmental regulation policies across prov-

inces within China, and pointed to the need for region-based heterogeneity analysis in the

paper that follows.

5.2 Benchmark regression results

In this paper, a fixed-effect model has been chosen for regression analysis. It incorporates con-

trols at both the individual and time dimensions, which can help alleviate endogeneity issues

arising from individual characteristics and time trends to a certain extent. The benchmark

regression results are shown in Table 3. The regression findings with green innovation patents

as the explanatory variables are shown in columns (1) through (4). Columns (5) through (8) of

the green utility model are interpreted variables. Columns (1) and (5) show that ER1 has a

good impact on both green invention patents and green utility model patents, indicating that

ER1 may help the firm’s GTI. Each unit increase in ER1 strength was associated with a 0.084

and 0.096 unit increase in the level of green invention and utility model patents, respectively.

However, ER1 is not significant for green invention patents, while ER1 passes the 5% signifi-

cance level test for green utility model patents.Based on the previously mentioned findings,

ER1, the most widely adopted regulatory approach in China, has been observed to play a sig-

nificant role in driving efforts for the development of Green Technological Innovation (GTI).

(2) and (6) demonstrate that ER2 has distinct effects on the green invention patent and the

green utility model patent. Although the regression results indicate that the coefficient of influ-

ence of ER2 on green invention patents is 0.236 and has a beneficial effect, this finding is not

statistically significant.The green utility model patent has also been severely damaged by ER2.

Table 2. Variable descriptive statistics.

Variables count Mean SD Min Max

GTI1 3930 1.5223 1.5263 0.0002 8.3623

GTI2 3930 1.2015 1.0013 0.0001 6.4159

ER1 3930 0.6415 0.9956 0.0003 3.7485

ER2 3930 0.8263 0.3245 0.0015 3.6592

ER3 3930 0.7415 0.6516 0.0086 5.1125

RD 3930 3.8456 12.3625 0.0003 224.1256

Sub 3930 1.3263 2.8459 0.0004 53.2369

InSize 3930 8.1253 1.5216 3.7856 19.2415

Den 3930 2.6123 2.5523 0.2036 85.1263

Pro 3930 0.6552 0.0662 -1.0012 0.6411

BG 3930 0.2012 0.0849 0.3412 1.0445

Age 3930 10.362 5.6632 1.0236 31.326

FDI 3930 0.0326 0.0487 0.0086 0.9985

ML 3930 0.3115 0.5263 0.0816 0.9826

GDP 3930 0.0003 0.0003 0.0002 0.0053

Atm 3930 0.5163 0.1256 0.0526 0.9895

https://doi.org/10.1371/journal.pone.0296008.t002
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For every unit increase in ER2 intensity, the patents for green utility models decrease by 0.299

units and pass the 10% significance level The research results show that China’s current envi-

ronmental protection system still has a market-oriented environmental protection model,

which restricts green and low-carbon development. From columns 3 and 7, it can be seen that

ER3 has a significant impact on both green and green utility models, although in the opposite

direction. The study found that the impact of ER3 index on green innovation patents is signifi-

cant at 5%, and for every 1 unit increase in ER3 index, it decreases by 0.078.On the other hand,

ER3 greatly boosted the green utility model patent at the5% significance level, with each unit

increase in ER3 strength increasing the patent on the green utility model by 0.245.Research

has found that companies are more inclined to adopt green utility model patents rather than

green invention patents when facing voluntary environmental regulations. Even when using

green utility models for patent creation, there is still an issue of excessive reliance on green

invention patent resources. Alternatively, this result could be due to the tendency of firms to

engage in short-term regulatory behavior such as end management in the face of public and

media scrutiny, which not only wastes firm resources but also crowd out investment in green

invention patenting. Introduce three different environmental regulation intensity variables

into the regression analysis at the same time, and provide them in columns 4 and 8, respec-

tively. Under the combined effect of the three adjustment methods, the regression coefficients

of all three adjustment methods are relatively large. Using the green invention patent model as

the explanatory variable, ER1 is 0.035, ER2 is 0.458, and ER3 is 0.336, respectively, and all are

Table 3. Benchmark regression results of environmental regulations and GTI.

Variables green invention patent green model patent

(1) (2) (3) (4) (5) (6) (7) (8)

ER1 0.084

(2.42)

0.035**
(2.96)

0.096**
(2.82)

0.066*
(3.45)

ER2 0.236

(3.41)

0.458**
(5.29)

-0.299*
(-3.06)

0.699*
(5.85)

ER3 -.0.078**
(-1.48)

0.336**
(3.41)

0.245**
(0.856)

0.563*
(-4.96)

InSize 0.412** (9.03) 0.293* (18.62) 0.426** (10.362) 0.322* (8.02) 0.412** (9.22) 0.549** (8.02) 0.411** (12.36) 0.516* (12.36)

Den 0.085

(3.02)

0.075

(2.58)

0.052

(1.96)

0.026

(1.95)

0.054

(2.36)

0.056

(2.03)

0.054

(2.84)

0.052

(1.99)

Pro 0.599

(0.63)

0.265

(0.81)

0.632

(0.45)

0.159

(0.43)

0.085

(0.45)

0.046

(0.36)

0.055

(0.22)

0.039

(0.05)

BG 0.685***
(1.92)

0.636

(1.85)

0.846

(1.71)

0.612

(1.43)

0.361

(0.96)

0.258

(0.56)

0.236

(0.39)

0.242

(0.53)

Age 0.812**
(13.26)

0.312** (12.36) 0.183** (17.13) 0.145** (12.36) 0.075*** (7.03) 0.075* (6.95) 0.084* (8.11) 0.086* (9.03)

FDI 0.312

(0.66)

0.765

(0.21)

0.846**
(1.85)

0.944

(1.75)

1.263** (2.03) 1.849** (2.22) 2.956* (4.12) 2.752* (3.81)

ML 0.645

(0.95)

-1.336**
(-3.46)

-1.169** (-4.42) -1.558* (-4.23) -1.415**
(-3.85)

-1.845*
(-4.03)

-1.762*
(-4.23)

-1.886**
(-5.45)

GDP 92.36

(0.94)

-42.16

(-0.42)

29.13

(0.82)

-125.629

(-1.23)

-590.23* (-3.26) -696.13* (-6.23) -711.23* (-4.12) -892.36* (-5.12)

Atm -0.849**
(-4.72)

-0.685**
(-3.956)

-0.796** (-7.885) -0.546** (-3.49) -0.849** (-4.42) -0.884* (-4.23) -0.623* (-4.22) -0.684** (-4.42)

-cons -2.112** (-8.16) -2.748**
(-9.12)

-2.236**
(-10.22)

-2.362** (-9.42) -1.996* (-6.23) -1.845* (-6.26) -1.955* (-4.96) -1.845* (-4.96)

N 3930 3930 3930 3930 3930 3930 3930 3930

R2 0.312 0.285 0.452 0.336 0.062 0.085 0.071 0.053

https://doi.org/10.1371/journal.pone.0296008.t003
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significant at the 5% significance level.Using the green utility model patent model as the

explanatory variable, the regression results for ER1, ER2, and ER3 were 0.066, 0.699, and

0.563, respectively, and were significant at the 10% significance level. Furthermore, with the

exception of ER1, the regression findings of the other two environmental regulation

approaches outperform the regression results of the model with simply themselves as explana-

tory variables.These findings indicate that the interaction of the three environmental policies

is crucial to the green technology innovation of enterprises. Considering the impact of each

environmental regulation approach on green invention patents and green utility model patents

alone does not stand out, and considering their interplay at the same time allows for a better

understanding and optimization of the effects of environmental regulation policies.This policy

interaction can increase the quantity and quality of green invention patents and green utility

model patents, thereby promoting environmental protection and the development of enter-

prise GTI.

In addition, this project will also study the impact of environmental control policies on

green invention patents and green practical new technologies, pointing out that environmental

control policies have a higher level of support for green invention patents and green practical

new technologies. Faced with environmental regulation, enterprises tend to adopt green and

low-carbon technologies with low technological content rather than innovative benefits, which

is consistent with the reality of most Chinese enterprises, especially small and medium-sized

enterprises.

5.3 Robustness test

Outliers are cleaned here using Winsorize processing. Based on this, the robustness test is run

using one of three methods:

1. Replace the explanatory variable with the number of green patent applications as a proxy

for GTI. The number of green patent applications is used to replace the original explanatory

variables and check whether the results are consistent with the benchmark regression

resultsin the robustness test. This can verify whether the impact of green patent applications

on GTI is robust.

2. Remove control variables at the enterprise level. In the benchmark regression, there are

control variables at the enterprise level, such as enterprise scale, capital structure and so on.

In the robustness test, these enterprise-level control variables are removed from the model

to verify whether the results are still robust.

3. Add new control variables. In this robustness test, considering that the differences in educa-

tion and industrial structure in China ’s provinces may have an impact on the GTI of enter-

prises, these two factors are added as control variables in the test. The industrial structure

coefficient (Str) is calculated by the practical Eq (7), and these two factors are added and

introduced into the model to verify whether the results are still robust.

Str ¼
X3

i¼1

i
Yit
Yt

ð7Þ

where
Yit
Yt

represents the proportion of the added value of the i industry (i = 1, 2, 3) in year t to

the total output value.

Regression results in the total number of patent applications. The regression coefficient of

variable ER1 was 0.811, but not significant. The regression coefficient of variable ER3 was

-5.112, which passed the 10% significance level test.
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Regression results after removing control variables at the enterprise level. The variable ER1

had a positive impact on the number of green invention patents, with a regression coefficient

of 0.042, passing the significance level test of 5%. The variable ER1 also had a positive impact

on the number of green utility model patents, with a regression coefficient of 0.085, passing

the 10% significance level test. The coefficient of ER3 for green invention patents was -0.012,

and was significantly negative at the 5% level. The coefficient of ER3 for green utility model

patents was -0.136, and was significantly negative at the 5% level.

Regarding the regression results while simultaneously increasing education levels and

industrial structure. Attention was still paid to the number of green invention patents and

green utility model patents. The variable ER1 had a positive impact on green utility model pat-

ents, with a regression coefficient of 0.045, passing the 10% significance level test. The coeffi-

cient of ER2 for green invention patents was 0.212 and was significantly positive at the 10%

level. The coefficient of ER2 for green utility model patents was 0.143, and was significantly

positive at the 5% level. The coefficient of ER3 for green utility model patents was -0.146, and

was significantly negative at the 5% level.

Table 4 showed the robustness test regression results. The aforementioned test findings are

essentially compatible with the benchmark regression results, showing that the study’s conclu-

sions are sound.

5.4 Heterogeneity analysis

This article intends to study the mechanism of environmental protection legislation on the

innovation of green industry clusters from four perspectives: region, ownership, factor density,

and industry. For emerging economies like China, the study of heterogeneity is particularly

important. Governments of various countries can formulate specific environmental policies by

studying these issues.

5.4.1 Heterogeneity of regions. There are significant differences in the economic devel-

opment level, resource endowment, industrial structure, and other aspects among various

provinces and cities in China. If the study of actual policies cannot take into account the signif-

icant differences between regions, then this conclusion will become less important. This article

takes 30 provinces in China as an example and draws on the experience of China’s economic

development to divide them into three parts: East, Central, and West. The economic develop-

ment level in eastern China is relatively high, with a high degree of marketization, a well-devel-

oped industrial structure, and a high level of economic development. Next is the central region

with the lowest level of economic development.

Based on this, the impact of environmental restrictions in various locations on firm GTI is

explored, and the findings are provided in Table 5. In the green invention patent model in the

eastern region, the coefficient of ER1 was 0.053, which passed the 10% significance level test,

indicating that ER1 had a positive promoting effect on green invention patents; The coefficient

of ER2 was 0.374, which passed the significance level test of 5%, indicating that ER2 had a sig-

nificant positive impact on green invention patents; The coefficient of ER3 was -0.263, which

passed the significance level test of 5%, indicating that the impact of ER3 on green invention

patents was significantly negative. In the green utility model patent model in the eastern

region, the coefficient of ER1 was 0.085, which passed the significance level test of 5%; The

coefficient of ER2 was 0.526, which passed the significance level test of 5%, indicating that ER2

had a significant positive impact on green utility model patents; The coefficient of ER3 was

-0.412, indicating a significant negative impact of ER3 on green utility model patents.Accord-

ing to the regression results, environmental regulation has a considerable impact on the GTI

of companies in the Eastern sample, with ER1 and ER2 both favoring the growth of green
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invention patents and green utility model patents. In terms of intensity, ER2 has a stronger

effect than ER1, although ER3 inhibits GTI activity significantly. In the central region, only

ER1 and ER3 had a significant impact on green utility model patents. The coefficient of impact

of ER1 on green utility model patents was -0.245, indicating that the impact of ER1 on green

utility model patents was negative at the 10% significant level. The coefficient of influence of

ER3 on green utility model patents was 0.445, indicating that the impact of ER3 on green util-

ity model patents was positive at a significant level of 5%. In the western region, ER1, ER2, and

ER3 were not significantly affected by green invention patents and green utility model patents,

Indicating that none of the three environmental regulatory methods had a substantial impact

on GTI.

Through the comparison of these three regions, it can be found that the strict environmen-

tal rules in the eastern region help to promote innovation. Under the dual role of government

supervision and market incentives, enterprises can better adapt to the production mode and

strive to achieve green development. However, due to the backward industrial structure in the

central and western regions, its environmental regulatory policies make it difficult to promote

the growth of corporate GTI. The industrial development of the central and western regions

Table 4. Robustness test regression results.

Total number of patent

applications

Variables Total number of patent applications

(1) (2) (3)

ER1 0.811

(0.56)

ER2 13.526

(6.88)

ER3 -5.112*
(-2.43)

Con YES YES YES

N 3930 3930 3930

R2 0.035 0.055 0.042

Remove corporate-level

control variables

Variables green invention patent green utility model patent

(1) (2) (3) (4) (5) (6)

ER1 0.042**
(2.03)

0.085*
(3.42)

ER2 0.042

(0.88)

0.066

(1.423)

ER3 − 0.012**
(-2.31)

− 0.136**
(-4.88)

Con YES YES YES YES YES YES

N 3930 3930 3930 3930 3930 3930

R2 0.312 0.355 0.356 0.055 0.057 0.042

At the same time

increase the level of

education and industrial

structure

Variables green invention patent green utility model patent

(1) (2) (3) (4) (5) (6)

ER1 0.053

(2.42)

0.045**
(3.45)

ER2 0.212*
(4.96)

0.143**
(5.715)

ER3 0.063

(-2.13)

− 0.146**
(-4.45)

Con YES YES YES YES YES YES

N 3930 3930 3930 3930 3930 3930

R2 0.566 0.484 0.345 0.099 0.053 0.054

https://doi.org/10.1371/journal.pone.0296008.t004
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mainly depends on the extensive resource utilization model, and with the transfer of high pol-

lution and high energy-consuming industries to the central and western regions, enterprises

need to continue to strive to get rid of the extensive development model. Therefore, enterprises

in the central and western regions may face insufficient GTI investment under the implemen-

tation of environmental regulation policies, which may even lead to the migration of enter-

prises from the central and western regions to regions with weak environmental regulation.

By studying the impact of environmental restrictions in different regions of China on cor-

porate GTI, it reveals the differences in economic development and environmental manage-

ment among provinces in China, and points out that the eastern region has advantages in

green innovation, while the central and western regions face some challenges due to industrial

structure problems. This is of great significance for formulating targeted regional policies and

promoting sustainable development.

5.4.2 Heterogeneity of ownership. State-owned enterprises and non-state enterprises col-

lectively constitute a substantial portion of China’s national economy. There are noteworthy

distinctions between them concerning their nature, primary responsibilities, and business

objectives, which represent a crucial matter that necessitates attention in the study of China’s

economy.State owned enterprises are the representatives of state-owned assets and the concen-

trated embodiment of national will. They not only aim to meet the profits of enterprises, but

also demonstrate the government’s control over all aspects of economic and social develop-

ment. However, private enterprises aim to maximize economic benefits. For the purposes of

this paper, the sample firms are divided into state-owned and non-state-owned firms in order

to analyze the impact of environmental restrictions on the GTI heterogeneity of firms with dif-

ferent ownership characteristics. The regression results are shown in Table 6. In state-owned

enterprises, the coefficient of influence of ER2 on green invention patents is 0.275, and it is sig-

nificantly positive at the 5% level. The impact coefficient of ER2 on green utility model patents

Table 5. Regression results of heterogeneity of regions.

green invention patent green utility model patent

ER1 ER2 ER3 ER1 ER2 ER3

East coefficient 0.053* (2.12) 0.374** (4.33) -0.263**
(-3.02)

0.085** (3.58) 0.526** (8.23) -0.412**
(-6.12)

_cons -2.956*
(-5.23)

-2.956**
(-8.42)

-2.965**
(-8.23)

-2.036**
(-5.43)

-1.995*
(-4.42)

-1.112**
(-5.23)

Con YES YES YES YES YES YES

N 2800 2800 2800 2800 2800 2800

R2 0.413 0.415 0.412 0.096 0.146 0.425

Central coefficient -0.156

(-1.95)

-0.098

(-0.86)

0.956

(0.77)

-0.245*
(-3.85)

0.988

(-0.42)

0.445** (3.26)

_cons 0.196**
(-2.85)

-1.332**
(-2.75)

-3.452**
(-4.23)

0.495

(0.51)

0.436

(0.51)

-0.055

(0.85)

Con YES YES YES YES YES YES

N 660 660 660 660 660 660

R2 0.413 0.362 0.485 0.456 0.238 0.196

West coefficient 0.039

(0.62)

-0.085

(-0.95)

-0.096

(-0.87)

0.039

(0.36)

-0.053

(-3.52)

-0.142

(-1.85)

_cons -2.856**
(-5.23)

-3.112*
(-4.96)

-2.745**
(-5.93)

-2.236**
(-2.85)

-2.125**
(-5.23)

-2.306*
(-4.03)

Con YES YES YES YES YES YES

N 530 530 530 530 530 530

R2 0.224 0.256 0.236 0.362 0.159 0.223

https://doi.org/10.1371/journal.pone.0296008.t005
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is 0.144, and it is significantly positive at the 10% level. The impact coefficient of ER3 on green

utility model patents is -0.299, and it is significantly negative at the 10% level. In non-state-

owned enterprises, the coefficient of influence of ER1 on green utility model patents is 0.094,

and it is significantly positive at the 10% level. The impact coefficient of ER3 on green utility

model patents is -0.263, and it is significantly negative at the 10% level.

From the regression findings, it can be deduced that: (1) ER1 strongly enhances the patent

level of the green utility model in a sample of non-state owned enterprises, but has no effect on

green invention patents.The research results indicate that under ER1 conditions, non-state-

owned companies are more inclined to adopt green technologies to compensate for the losses

caused by environmental pollution. Compared with state-owned enterprises, private compa-

nies have greater flexibility in adjusting their own development strategies and have a greater

promoting effect on green technology innovation. In the process of adopting green technology

innovation, private enterprises often encounter green practical technologies with lower techni-

cal difficulty. (2) ER2 has a promoting effect on the technological innovation of state-owned

enterprises (including green inventions and green utility models), indicating the promoting

effect of ER2 on the technological innovation of state-owned enterprises. (3) The ER3 effect

has had a negative impact on both types of enterprises, and green utility model products have

a strong inhibitory effect on their patents. It can be shown that green utility models, regardless

of the ownership of the business, are more vulnerable to external public opinion than green

inventions.

5.4.3 Heterogeneity of factor intensity. When facing environmental regulations, enter-

prises with significant differences in factor density exhibit heterogeneity in their choices of

green technology innovation. For example, relying on resource intensive companies for trans-

formation is usually better than relying on labor-intensive companies. Based on Dong and

Guo’s research [47]. The article categorizes listed companies in China into technology inten-

sive, capital intensive, labor-intensive, and resource intensive. Then, the impact of environ-

mental regulations on the differences in green innovation capabilities of four types of

enterprises was studied. The results are shown in Table 7. For technology intensive enterprises,

in the regression model of green utility model patents, the coefficient of the independent vari-

able ER1 is 0.063, which passes the 5% significance level test, indicating a positive relationship

between ER1 and green utility model patents. The coefficient of ER3 is -0.185, which passes

Table 6. Regression results of heterogeneity of ownership.

green invention patent green utility model patent

ER1 ER2 ER3 ER1 ER2 ER3

state-owned enterprise coefficient 0.056

(1.24)

0.275**
(3.63)

− 0.036

(0.39)

0.036

(0.95)

0.144*
(2.002)

−0.299*
(0.816)

_cons − 2.03***
(-8.03)

−3.563**
(-9.62)

−2.95***
(-8.02)

−2.035**
(-4.29)

−1.612**
(-6.13)

−1.422**
(-6.99)

Con YES YES YES YES YES YES

N 2800 2800 2800 2800 2800 2800

R2 0.392 0.549 0.594 0.057 0.041 0.062

non-state-owned enterprises coefficient 0.023

(1.54)

0.037

(0.49)

− 0.084

(-0.66)

0.094**
(2.13)

0.195

(2.03)

− 0.263*
(-4.239)

_cons − 2.003**
(-4.91)

−2.116**
(-4.92)

−2.023***
(-4.32)

−2.654**
(-1.556)

−1.046**
(-3.38)

− 1.974*
(-2.23)

Con YES YES YES YES YES YES

N 1900 1900 1900 1900 1900 1900

R2 0.364 0.749 0.716 0.083 0.064 0.288

https://doi.org/10.1371/journal.pone.0296008.t006
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the significance level test of 5%, indicating that the impact of ER3 on green utility model pat-

ents is significantly negative.For capital intensive enterprises, the coefficient of influence of

ER1 on green invention patents is 0.052, which passes the significance level test of 5%, indicat-

ing that ER1 has a significant positive impact on green invention patents. The coefficient of

influence of ER2 on green invention patents is 0.56, which passes the significance level test of

1%, indicating that ER2 has a significant positive impact on green invention patents. The coef-

ficient of influence of ER1 on green utility model patents is 0.055, which passes the 1% signifi-

cance level test, indicating a positive relationship between ER1 and green utility model patents.

For labor-intensive enterprises, in the regression model of green invention patents, indicating

a negative relationship between ER1 and ER3 and green invention patents, and a positive rela-

tionship between ER2 and green invention patents.For resource intensive enterprises, there is

no significant relationship between ER1, ER2, ER3 and green invention patents or green utility

model patents.

Through empirical analysis, it was found that: (1) ER1 plays an important role in enhancing

the green innovation capabilities of high-tech and capital intensive enterprises, while it has a

significant restraining effect on the improvement of the green innovation capabilities of labor-

intensive enterprises. One of the reasons for this is that both technology and capital intensive

enterprises have higher technological innovation and adaptability. When facing mandatory

Table 7. Regression results of heterogeneity of factor intensity.

green invention patent green utility model patent

ER1 ER2 ER3 ER1 ER2 ER3

technology-intensive coefficient 0.039

(2.36)

0.085

(1.22)

-0.085

(-1.62)

0.063** (2.95) 0.223

(1.85)

-0.185** (-2.95)

_cons −2.036**
(-4.52)

-1.859* (-5.03) -1.665* (-3.26) -1.856*
(-3.95)

-1.956* (-3.26) -1.455** (-4.23)

Con YES YES YES YES YES YES

N 1760 1760 1760 1760 1760 1760

R2 0.385 0.485 0.322 0.096 0.085 0.062

capital-intensive coefficient 0.052** (2.42) 0.56*** (3.96) 0.003

(0.04)

0.055** (1.95) 0.185

(1.88)

-0.085

(-2.85)

_cons -2.512**
(-6.84)

-2.144*
(-6.88)

-2.856* (-5.23) -2.036*
(-4.96)

-1.123**
(-4.88)

-1.612** (-6.23)

Con YES YES YES YES YES YES

N 1500 1500 1500 1500 1500 1500

R2 0.362 0.488 0.144 0.082 0.086 0.086

labor-intensive coefficient -0.08*
(-2.12)

0.236** (3.85) -0.596* (0.466) -0.036

(-0.85)

0.485** (2.89) -0.599** (-5.23)

_cons -3.856*
(-4.023)

-3.223*
(-4.96)

-3.026* (-5.23) -1.235** (-3.84) -1.965*
(-2.88)

-1.441

(0.523)

Con YES YES YES YES YES YES

N 790 790 790 790 790 790

R2 0.342 0.146 0.565 0.442 0.155 0.416

resource-intensive coefficient -0.163

(-1.84)

0.096

(0.22)

-0.043

(-0.84)

0.098

(0.42)

0.035

(0.43)

-0.032

(-0.54)

_cons -4.856*
(-4.96)

-4.589* (-5.23) -4.023* (-6.23) -2.236

(-1.445)

-2.036

(0.88)

-1.956

(-3.26)

Con YES YES YES YES YES YES

N 400 400 400 400 400 400

R2 0.286 0.326 0.395 0.563 0.196 0.463

https://doi.org/10.1371/journal.pone.0296008.t007
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environmental control policies, they can quickly determine the technological innovation pri-

ority of green industry clusters, thereby gaining technological competitive advantages. In the

production process, labor-intensive enterprises have low technological innovation capabilities

and environmental awareness, and their willingness to purchase green machinery products is

higher than that of green manufacturing enterprises. (2) ER2 has a significant promoting effect

on green innovation in capital intensive and labor-intensive enterprises. The promotion effect

of ER2 on capital intensive enterprises is similar to that of ER1. In capital intensive enterprises,

in order to avoid taxes, their ability to seek flexible technological innovation will encourage

them to engage in green technological innovation. Compared to ER1, ER2 bears much less

pressure on labor-intensive enterprises and can provide a buffer time for such enterprises to

some extent, thereby promoting the development of green technology innovation.(3) Research

has found that in China, especially labor-intensive enterprises, they often adopt short-term ter-

minal governance strategies when facing public opinion supervision. Overall, the activity of

ER2 is continuously increasing, while the activity of ER3 is mainly inhibited, indicating that

the environmental awareness of the Chinese people needs to be strengthened. The three envi-

ronmental laws and regulations have little effect on promoting the green development of

resource-based enterprises.One probable explanation is that the production activities of

resource-intensive enterprises rely mostly on natural resources.In addition, environmental

rules had minimal impact on the GTI due to the poor innovation base and the relative diffi-

culty of modifying the production process.

6 Mechanism test

This section will conduct in-depth research on the environmental regulatory processes that

affect the company’s green development strategy. On this basis, this article proposes the impact

of environmental legislation on the innovation performance of green industries, which is

achieved through two methods: internal financing and external financing of enterprises.

Therefore, this project will analyze it from two levels: endogenous (R&D) and external (gov-

ernment support). On this basis, Indicators such as TFP and lagging environmental regulation

were selected through our analysis and analyzed their mechanisms from the perspectives of

marketization and time.

6.1 The moderating effect of enterprise R&D investment

The model (5) developed in Section 4.3 is used to run the regression on the moderating effect

of corporate R&D spending, and the results are shown in Table 8.The basic meaning of each

column is consistent with the previous text. From the test results of three different types of

environmental regulations, it can be seen from Table 8 that enterprise R&D investment posi-

tively regulates the relationship between ER2 and green inventions at a significance level of

5%, and positively regulates the relationship between ER2 and green utility models at a signifi-

cance level of 5%.The regression results demonstrate that R&D spending considerably moder-

ates the connection between ER2 and Green innovation patents and ER2 and Green utility

model patents. These findings suggest that ER2 empowers enterprises to make their own

judgements when it comes to internalising the cost of pollution. Companies have implemented

GTI during this period by increasing investment in research and development, thereby

improving resource usage, reducing energy consumption and reducing pollution control

expenses.The possible reason is that market-oriented environmental regulations use emission

permits, emission trading, and other economic tools; Establish pollutant emission prices or

taxes, and encourage enterprises to adopt environmental protection behaviors. For some

manufacturing enterprises, in order to reduce pollution emissions, they increase research and
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development investment, develop new technologies or improve existing technologies to reduce

environmental impacts during the production process. Environmental regulations typically

encourage companies to invest in green technology innovation to comply with these regula-

tions and protect their market position. At a time when environmental protection and sustain-

able development have become key global issues, the relationship between environmental

regulation (ER) and green technology innovation (GTI) in enterprises has become particularly

important. R&D investment is often seen as a key factor driving technological innovation,

while also having a moderating effect on the relationship between environmental regulations

and corporate GTI. Therefore, the increase in R&D investment by enterprises has a positive

regulatory effect on invention patents. In other words, increased R&D investment can not

only directly improve the quantity or quality of green technology innovation, but also enhance

the promoting effect of environmental regulations on GTI.

Karmaker [48] used a globally robust model with significant statistical capabilities to study

the causal relationship between environmental taxes and environmental related technological

innovation. This model uses panel cointegration analysis considering cross-sectional depen-

dence to conduct a quantitative study on 42 high-income and middle-income countries from

1995 to 2018, and finds that the implementation of environmental taxes has stimulated techno-

logical innovation. Levying environmental taxes can help accelerate the reduction of carbon

emissions and promote the development of green innovative technologies in high-income and

middle-income countries. Meanwhile, Shang et al [31], who share the same view, conducted

an empirical test on the impact of environmental tax collection on corporate technological

innovation. Research has found that levying environmental taxes can stimulate the innovation

drive of enterprises and significantly increase the input and output of technological innova-

tion. By taxing pollution emissions from enterprises, they will be forced to think about how to

reduce environmental pollution in the production process, which can guide them to invest

more in green innovation. This will encourage companies to invest more resources in green

Table 8. Regression results of the moderating effect of corporate R&D investment.

Variables Green invention patent Greenutility modelpatent

(1) (2) (3) (4) (5) (6) (7) (8)

ER1 0.053

(1.85)

0.059**
(3.125)

0.036**
(3.95)

0.092**
(4.45)

ER2 0.195**
(2.42)

0.296**
(3.42)

0.095***
(2.43)

0.289**
(5.96)

ER3 −0.169**
(-3.02)

-0.166*
(-2.54)

-0.145**
(-2.36)

-0.096**
(4.462)

RD 0.028*
(5.85)

0.043*
(1.55)

0.046**
(6.85)

0.004

(1.44)

0.023**
(3.635)

−0.09**
(-1.58)

0.003*
(2.95)

0.003

(1.96)

ER1 × RD 0.003

(0.89)

−0.004

(-1.85)

−0.003**
(0.856)

−0.002

(0.196)

ER2 × RD 0.008**
(2.55)

0.008

(3.69)

0.046**
(4.85)

-0.185

(4.039)

ER3 × RD 0.005

(1.45)

0.013*
(3.565)

−0.024**
(-3.695)

−0.023

(-0.88)

_cons -2.036*
(-8.85)

-2.463**
(-8.45)

-4.03*
(-8.96)

-2.455*
(-8.13)

-1.956**
(0.85)

-1.956**
(-5.23)

0.584*
(-3.023)

-1.845**
(-6.23)

Con YES YES YES YES YES YES YES YES

N 3930 3930 3930 3930 3930 3930 3930 3930

R2 0.152 0.499 0.526 0.152 0.023 0.055 0.167 0.362

https://doi.org/10.1371/journal.pone.0296008.t008
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innovation. Not only can it reduce taxes and fees generated by pollution emissions, but it can

also promote green technology innovation in enterprises.

At the same time,the relationship between R&D investment on environmental regulations

and green innovation patents can be adjusted in three ways. (1) Increase government supervi-

sion: strengthen the supervision of enterprises to comply with environmental regulations,

ensure that enterprisesare in accordance with the provisions of R&D investment, and truly

achieve green innovation. This can be achieved by increasing law enforcement and increasing

penalties. (2) Provide incentive mechanism: encourage enterprises to increase R&D invest-

ment, through incentives and incentives to promote enterprises to actively carry out green

innovation. For example, the government can set up a green innovation fund to provide finan-

cial support for enterprises that comply with environmental regulations and carry out green

innovation. Third, strengthen information disclosure and public supervision: strengthen the

information disclosure of corporate R&D investment and green innovation, so that the public

can understand the behavior of enterprises, and promote enterprises to better fulfil their envi-

ronmental responsibilities through public opinion supervision.

These results suggest that firms that actively promote substantial green change or innova-

tion by expanding their R&D investments may be better positioned to meet compliance

requirements under government-mandated environmental regulations.

6.2 The moderating effect of government support

The regression on the moderating effect of government support was run using the model (6)

developed in Section 4.3, and the results are reported in Table 9.On this basis, this study found

that under the interaction between environmental regulation and environmental regulation,

the interaction between environmental regulation and environmental regulation is both posi-

tive, but not significant. The results of this study indicate that government support may have a

partial impact on the correlation between environmental regulations and corporate green

invention patents, although the magnitude of its positive regulatory effect is still unclear.

Table 9. Regression results of the moderating effect of government support.

Variables Green invention patent Greenutility modelpatent

(1) (2) (3) (4) (5) (6) (7) (8)

ER1 0.045

(2.03)

0.046**
(2.95)

0.052*
(3.43)

0.055**
(3.88)

ER2 0.196**
(3.85)

0.345**
(4.452)

0.123**
(2.96)

0.389**
(4.45)

ER3 0.362**
(-2.45)

-0.123**
(-2.58)

0.785**
(-4.75)

-0.136*
(1.152)

Sub 0.028**
(1.452)

0.032

(1.84)

0.023**
(2.95)

0.056

(0.56)

0.212*
(2.98)

−0.005

(-0.85)

0.063*
(2.63)

0.062

(0.88)

ER1 × Sub 0.006

(0.51)

−0.004

(-0.96)

−0.034**
(-0.95)

−0.03

(-0.95)

ER2 × Sub 0.056

(1.02)

0.058

(1.95)

0.0854**
(2.85)

0.073

(1.93)

ER3 × Sub 0.006

(1.84)

0.023**
(2.45)

−0.004*
(-5.03)

0.005

(-0.81)

_cons -1.856**
(-8.03)

-3.565**
(-9.11)

-3.845**
(-9.23)

0.995*
(-8.45)

-1.013**
(-4.85)

-2.036**
(0.84)

-0.885**
(-3.41)

-1.896*
(-5.42)

Con YES YES YES YES YES YES YES YES

N 3930 3930 3930 3930 3930 3930 3930 3930

R2 0.346 0.412 0.526 0.845 0.077 0.123 0.086 0.002

https://doi.org/10.1371/journal.pone.0296008.t009
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Regarding the regression results, government support exhibits a significant negative moderat-

ing effect on the relationship between ER1 and firms’ green utility model patents, ER3 and

enterprise green utility model patents. Simultaneously, government support significantly posi-

tively moderates the relationship between ER2 and enterprise green utility model patents.The

empirical findings above suggest that, when accompanied by government support, environ-

mental constraints might encourage firms to invest in green invention patents.For Chinese

enterprises, government subsidies or financial support for their technological innovation gen-

erally play a significant role, especially for companies that can effectively improve green envi-

ronmental protection technologies. This study will help explain the positive regulation of

environmental regulations by the government, as well as the correlation between the feedback

effect of manufacturers on environmental concept patents. On the other hand, green utility

model patents indicate that companies have made a short-term technological investment in

order to passively comply with regulations, and their nature is closer to the "compliance cost".

Therefore, when the government subsidizes "green innovation" in enterprises, compliance

pressure on businesses is alleviated, granting them more buffer space to address the pressures

imposed by environmental regulations. Through this approach, the research and development

efforts of green utility models can be reduced, while also increasing the development scale of

green invention patents.

6.3 Transformation mechanism of innovation achievements

According to Porter’s theoretical hypothesis, environmental regulation has a certain impact on

a company’s technological innovation, with the goal of improving the company’s production

efficiency. Taking into account all the factors discussed above,it is natural to reach the conclu-

sion that whether production efficiency can ultimately be improved is a critical criterion for

enterprises seeking green technological innovation.Therefore, the purpose of this article is to

explore the underlying theoretical logic of whether environmental regulations can promote

the improvement of production efficiency and incentivize enterprises to implement green

technology innovations from the perspectives of environmental regulation, production effi-

ciency enhancement, and green technology innovation. Specifically, the impact of environ-

mental restrictions on overall green factor productivity is investigated using empirical

evidence. The first step is to construct the green productivity index and refer back to the meth-

ods of Wang and Zhang [49] and Kuang and Peng [50]. Among them, labor input (measured

by the average number of employees in each province), capital investment (measured by net

fixed assets), energy input (measured by converting regional total energy consumption into

standard coal), and three output indices (measured by value added) and employment (mea-

sured by the actual number of employees in each province) are included (measured by the

annual number of employees). Using the data envelopment analysis method, the total green

production efficiency of each province was calculated. Finally, regression analysis was con-

ducted on green TFP using environmental regulation methods. Table 10 showed the relation-

ship between environmental regulations and green total factor productivity. Empirical analysis

shows that ER2 has a significant driving effect on the improvement of total factor productivity

in enterprises. Although both ER1 and ER3 have a significant positive relationship with green

production efficiency, this result indicates that environmental regulation can improve green

production efficiency by enhancing the productivity of enterprises. Another interpretation of

this result is that while environmental regulations are conducive to an increase in green pat-

ents, a lack of green innovation output transformation may be an important underlying reason

for inhibiting the implementation of green technology innovation by businesses, as reflected

in ER1 and ER3.

PLOS ONE Environmental regulation effect

PLOS ONE | https://doi.org/10.1371/journal.pone.0296008 January 5, 2024 25 / 32

https://doi.org/10.1371/journal.pone.0296008


6.4 The temporal effects of environmental regulatory policies

When evaluating the exogenous effects of environmental regulation, the first thing to consider

is its impact on policies, while also examining the speed of its impact. This section will explore

the short-term and long-term effects of different environmental control measures on the com-

pany’s green technology innovation. The article takes the period of China’s Five Year Plan as

an example to analyze five lagged variables. Table 11 shows the results of the regression analy-

sis. Observe through regression coefficients.It can be determined that the influence of environ-

mental regulations on the GTI of businesses has been decreasing over timeSpecifically, there

was no statistically significant difference in the regression analysis of ER1 lag values, and in the

second lag stage, there was a negative effect related to the forced ER1 trait. After adopting ER1,

the company tends to quickly adjust its production process to avoid punishment, but this pro-

cess will gradually weaken. The ER2 in the first and third stages has a significant promoting

effect on the enthusiasm of companies for green investment, but in the fifth stage, it has a nega-

tive promoting effect on corporate green investment. Therefore, the role of ER2 in the com-

pany’s green technology innovation is likely to be only a short-term effect. ER3 has a negative

effect on enterprise GTI, but under various time delayed variables, this effect gradually

decreases over time. Therefore, It is speculated that the role of ER3 in promoting green tech-

nology innovation in enterprises still needs further long-term research, and the driving effect

of ER3 on green technology innovation in enterprises will continue for a longer time. Overall,

China’s environmental regulatory policies have a more short-term impact on the green devel-

opment of enterprises. ER1 has the most rapid impact on enterprise GTI,while ER3 may play a

more favorable role over a longer period of time.

7 Conclusion

China is in the early stages of transforming into a high-quality development. By formulating

environmental regulations to achieve environmental protection and economic development, it

is conducive to the technological upgrading of enterprises and the industrial transformation of

our country. On the one hand, in-depth exploration of the mechanism of green innovation

from both theoretical and empirical perspectives is of great theoretical and practical signifi-

cance for the government to formulate green innovation policies, promote green innovation,

promote green innovation, and promote the development of green innovation. On the other

hand, this paper is a study and analysis of China, a major developing country, and it is impor-

tant for other developing countries to be enlightened and referred to in the process of imple-

menting environmental regulations.Our study empirically examines the impact of

Table 10. The relationship between environmental regulations and green total factor productivity.

Variables (1) (2) (3) (4)

ER1 0.026

(2.85)

0.069

(2.34)

ER2 0.488**
(4.42)

0.1485**
(5.445)

ER3 0.052

(0.63)

0.005

(0.96)

_cons 1.163**
(19.24)

0.955**
(14.13)

1.195**
(18.125)

1.885**
(15.42)

Con YES YES YES YES

N 360 360 360 360

R2 0.085 0.196 0.068 0.326

https://doi.org/10.1371/journal.pone.0296008.t010
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environmental pollution regulation methods on the GTI of Chinese listed companies and ana-

lyzes their mechanisms in terms of internal and external integration.Using standard regression

and mediation effect models, explore the impact of environmental regulation on corporate

green innovation behavior. he robustness test was performed by substituting variables and

adding control variables, and the results are in general agreement with the regression results.

Finally, heterogeneity analysis and institutional tests are performed. The main conclusions of

this study are as follows:

1. When the three types of environmental regulation policies work at the same time, the posi-

tive impact of ER2 on corporate GTI is greater than that of ER1 and ER3, but all of them

promote the GTI of enterprises to a certain extent. The three environmental regulation

methods are introduced into the regression model at the same time. Compared with the

Table 11. Results of the lag period of heterogeneous environmental regulations.

Green invention patent Green utility model patent

ER1 ER2 ER1 ER2 ER1 ER2

Lag one phase coefficient 0.052

(2.96)

0.295**
(5.023)

0.388*
(1.526)

0.085

(1.462)

0.196**
(2.23)

−0.062*
(3.845)

_cons − 2.856**
(-7.45)

−3.845**
(-8.03)

−1.856**
(-5.01)

−1.485**
(-4.42)

−1.016**
(-3.545)

−1.101*
(-2.884)

Con YES YES YES YES YES YES

N 3562 3562 3562 3562 3562 3562

R2 0.452 0.241 0.496 0.062 0.086 0.126

Lag two phases coefficient − 0.001

(-0.08)

0.085

(1.45)

− 0.073

(0.82)

-0.686

(-0.36)

0.038

(1.92)

− 0.008

(0.03)

_cons − 3.632**
(-563)

−1.986**
(-6.03)

−2.126*
(-6.856)

− 0.941

(0.496)

0.699*
(0.535)

− 0.984*
(-2.46)

Con YES YES YES YES YES YES

N 2700 2700 2700 2700 2700 2700

R2 0.136 0.185 0.313 0.863 0.056 0.056

Lag three phases coefficient − 0.051

(-0.82)

0.343**
(2.88)

0.096

(2.06)

−0.295*
(-5.45)

0.362*
(2.445)

0.036

(0.52)

_cons 0.945**
(-4.36)

0.684**
(-5.441)

-3.856**
(0.859)

− 0.023

(0.155)

0.1512

(-0.62)

0.685

(-0.31)

Con YES YES YES YES YES YES

N 2976 2976 2976 2976 2976 2976

R2 0.416 0.184 0.046 0.095 0.052 0.049

Lag four phases coefficient 0.035

(0.25)

0.185

(1.96)

− 0.032

(0.195)

− 0.164

(-0.46)

0.136*
(3.82)

− 0.036

(-0.81)

_cons − 1.846**
(-3.41)

−0.984**
(-3.42)

−1.511*
(-5.03)

0.856

(1.95)

0.912

(3.82)

0.895

(2.35)

Con YES YES YES YES YES YES

N 2680 2680 2680 2680 2680 2680

R2 0.071 0.043 0.068 0.046 0.045 0.053

Lag five phases coefficient − 0.063**
(-3.12)

-0.084

(-1.54)

− 0.094

(0.946)

0.385**
(-6.13)

− 0.213

(-1.845)

−0.296**
(0.385)

_cons -0.956

(0.412)

0.386

(-0.89)

-0.302

(-0.46)

3.856**
(6.32)

4.012**
(5.63)

4.416**
(6.122)

Con YES YES YES YES YES YES

N 2100 2100 2100 2100 2100 2100

R2 0.036 0.063 0.023 0.645 0.158 0.462

https://doi.org/10.1371/journal.pone.0296008.t011
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introduction of a single regulatory method, it is found that the three environmental regula-

tions work better together.

2. In this study, the heterogeneity analysis was conducted. In the eastern region, environmen-

tal control policies have a significant promoting effect on corporate green innovation. But it

is difficult to cultivate enterprises in the central and western regions.ER1 has a positive

effect on the low technical difficulty R&D of GTI in non-state-owned enterprises, ER2 has a

positive promoting effect on the research of green technology innovation and the develop-

ment of state-owned enterprises, while ER3 will have a negative impact on the research and

development of green technology innovation. ER1 has hindered the green innovation

development of technology intensive and capital intensive enterprises;ER2 promotes the

GTI for capital-intensive and labor-intensive enterprises; ER3 plays an inhibitory role in

various factor-intensive activities.

3. R&D investment plays a mediating role in ER2 and technological innovation, and there is a

positive correlation between the two. There is a significant negative correlation between

ER3 and ER1. Government support policies have a positive regulatory effect on the correla-

tion between environmental regulations and company green invention patents, but this

conclusion needs further exploration. The government support policies have a comprehen-

sive negative regulatory effect on environmental regulations and corporate green utility

model patents. Environmental regulations can drive green innovation by increasing a com-

pany’s productivity.

4. The impact of China’s environmental regulations on green technology innovation is mainly

short-term, while the impact of environmental regulations on green technology innovation

shows a decreasing trend. ER1 has the fastest impact on corporate GTI, while ER3 may play

a beneficial role in a longer period of time.

8 Policy recommendations and future resarch directions

8.1 Policy recommendations

Our research has specific guiding significance in various aspects, as shown below;

For decision makers, decision makers can further promote corporate GTI by strengthening

the formulation and implementation of environmental regulatory policies. At the same time,

decision makers can also formulate targeted environmental regulatory policies according to

the heterogeneity of region, ownership structure and factor concentration, so as to better pro-

mote the development of GTI.

For enterprises, enterprises can add green environmental protection technology to the new

strategy, increase R&D investment, and carry out economic transformation. At the same time,

policy adjustments can be made according to heterogeneity, and long-term development strat-

egies can be formulated to better adapt to the changes brought about by environmental regula-

tory policies.

For stakeholders, environmental protection organizations, consumers, etc., can supervise

the environmental situation of enterprises, so as to improve the implementation of corporate

environmental policies. This not only promotes the green development of enterprises, but also

improves the sustainable development and environmental quality of the whole society.

8.2 Future resarch directions

Future research can be conducted in the following directions, as shown below;
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1. Promoting the application of green innovation technology: Encourage and support enter-

prises to carry out green innovation technology and promote sustainable development. By

employing measures such as government financial support and tax incentives, intensifying

support for the development and application of green innovation technologies can, in turn,

stimulate businesses to embrace technologies that are not only ecologically friendly but also

highly efficient.

2. Economic incentives: Establish a sound economic incentive mechanism, such as environ-

mental taxes, emissions trading, etc., to guide enterprises to reduce pollution and save

resources, so that enterprises are economically aware of the impact of the environment, so

as to take environmental protection measures.

3. Guiding public participation: strengthen the transparency of corporate information and

encourage public participation in environmental decision-making and supervision. By

instituting a comprehensive and transparent environmental data platform, the general pop-

ulace gains access to insights into corporate environmental performance, along with offer-

ing channels and commensurate incentives for reporting, thereby fostering augment

societal oversight and corporate accountability.

4. In line with international standards: Actively participate in international environmental

regulation activities, share and learn experience and technology with other countries and

regions, and jointly respond to global environmental challenges. At the same time, it should

be in line with international standards, improve the standardization level of domestic envi-

ronmental regulation, and promote the competitiveness of enterprises in the global market.

The research findings of this article will provide decision-making basis for the improve-

ment of China’s environmental policies and the sustainable development of Chinese enter-

prises. This article is based on empirical research on China as a developing country and

provides some useful suggestions for China’s environmental regulation practices. Since the

reform and opening up, China has shifted from a planned economy to a market economy, and

the market mechanism has played a good regulatory role in the Chinese economy. For other

developing countries, when implementing market-based environmental regulation systems,

they should adjust their enforcement concepts in a timely manner based on the actual opera-

tion of their own market economy, in order to avoid the abuse of market control tools due to

imperfect market mechanisms and poor policy effects.
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